Estimation of the effectiveness of rotavirus vaccines via the test-negative control study design has gained popularity over the past few years. In this study design, children with severe diarrhea who test positive for rotavirus infection are considered as cases, while children who test negative serve as controls. We use a simple probability model to evaluate and compare the test-negative control and the traditional case-control designs with respect to the bias of resulting estimates of rotavirus vaccine effectiveness (VE). Comparisons are performed under two scenarios, corresponding to studies performed in high-income and low-income countries. We consider two potential sources of bias: (a) misclassification bias resulting from imperfect sensitivity and specificity of the test used to diagnose rotavirus infection, and (b) selection bias associated with possible effect of rotavirus vaccination on the probability of contracting severe non-rotavirus diarrhea.
Background
Rotavirus is the leading cause of severe diarrhea among children worldwide and was estimated to cause 215,000 childhood deaths in 2013 [1] . To prevent the burden of severe rotavirus diarrhea (SRD), the World Health Organization recommends routine vaccination of all children worldwide. Two vaccines against rotavirus were licensed for use in 2006 and have been introduced in the national immunization programs of more than 85 countries by late 2017. In randomized clinical trials, the efficacy of these vaccines against severe rotavirus diarrhea ranged from 85%-98% in high income settings to 50%-64% in low income settings. While the exact reasons for this variable vaccine performance are not known, factors that may adversely affect the performance of these orally administered, live virus vaccines in low income settings --such as interference by concurrent enteric infections, malnutrition, high levels of maternal antibody, and interference with concurrently administered oral polio vaccine --likely play a role. Given this variable performance of rotavirus vaccines in clinical trials, evaluations of vaccine effectiveness (VE) in routine programmatic use in diverse range of settings are a public health priority.
As vaccination against rotavirus is now recommended globally, randomized placebocontrolled clinical trials to evaluate vaccine efficacy are challenging to conduct. Therefore, observational studies based on patients seeking care or hospitalized for SRD are the best options for obtaining estimates of rotavirus VE. Cohort studies are not widely feasible due to low incidence of SRD; therefore case-control study designs are most commonly used. In these studies, the odds of vaccination are compared between individuals who contracted SRD (cases) and control individuals. Controls should be representative of the source population that produces the cases and should be like cases with respect to covariates (potential confounders) that may affect the chances of vaccination and contracting the diseases of interest.
In traditional case-control (TCC) studies, controls are selected from the same community (e.g., children in the same neighborhood) as the cases. Over the past decade, a new type of case-control study has evolved. In these test-negative control (TNC) studies, individuals seeking care for clinical symptoms like those of the cases but who test negative for the pathogen of interest serve as controls. TNC studies have mainly been used to estimate influenza VE [2] [3] [4] [5] , but they are also being used to estimate VE against other diseases, including rotavirus. (Tate et al [6] , Schwartz et al [7] ). TNC studies are expected to reduce confounding bias because cases and controls have similar symptoms and therefore are likely to have similar care-seeking behaviors and may also be similar with respect to other characteristics, such as age, comorbidities or access to health care. Such studies are also logistically easier and more economical to conduct, as no external control group needs to be recruited. By collecting vaccination data prior to knowledge of the test results, bias in ascertainment of vaccination among cases and controls can be avoided through TNC studies.
However, TNC studies may still be prone to selection bias, as controls may not represent the entire population that produces the cases. In particular, VE estimates from TNC studies will be biased if vaccination affects other pathogens that cause diseases that increase the likelihood of individuals to be included in the study as controls (by testing negative for the pathogen of interest) [8] . This may happen due to virus interference or cross-protection. Both types of case-control studies are prone to bias resulting from imperfect diagnostic tests and misclassification of vaccination status, but the extent of bias may differ.
In this work, we compare the biases associated with estimates of rotavirus VE against SRD from TNC and TCC studies. We focus on two sources of bias: (a) misclassification bias resulting from errors in the test for rotavirus infection (false positives or false negatives), and (b) bias associated with the possible effect of rotavirus vaccination on the probability of severe non-rotavirus diarrhea (SNRD).
Methods
We use a simplified version of the model developed by Shi et al [9] to evaluate the bias of estimates of influenza VE from TNC and TCC studies. The general model consists of five steps: (1) assigning a binary covariate corresponding to a person's health status ('healthy' or 'frail); (2) vaccination; (3) developing illness (severe diarrhea, in our case) resulting either from the pathogen against which the vaccine is expected to protect (rotavirus, in our case) or from other pathogens (non-rotavirus infections, in our case); (4) seeking medical care (hospitalization, in our case); and (5) Testing positive or negative to the pathogen of interest. The probabilities of the possible outcomes in each step may depend on the outcomes of the previous steps. For example, the probability of being vaccinated may depend on health status, the probabilities of illness may depend on health status and vaccination status, etc. In this work, we do not account for a patient's health status, and we assume that the probability of seeking care (i.e., hospitalization) does not depend on the patient's vaccination status or on the etiology of her/his severe diarrhea. Below we describe the components of the model that are relevant to the current work.
Study Designs
Children hospitalized because of severe diarrhea are tested for rotavirus infection. In the TNC study, children with severe diarrhea who test positive for rotavirus infection serve as cases while those who test negative become controls. In the TCC study, cases are again defined as children with severe diarrhea who test positive for rotavirus infection, while controls are children who did not develop severe diarrhea during the study period. We assume that eligible controls are randomly selected from the population that produces the cases.
Vaccination
A child is considered effectively vaccinated 14 days after completing a full course of the rotavirus vaccine. We assume that a child's vaccination status does not change during the study period and that the probability of a child with severe diarrhea being hospitalized does not depend on vaccination status. 
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True classification
A hospitalized study participant may suffer from either SRD or SNRD. The true etiology of infection is unknown before the child is tested.
Test for rotavirus infection
Children hospitalized for severe diarrhea are tested for rotavirus infection. We assume that the test's sensitivity and specificity do not depend on the child's vaccination status.
Our model includes the following parameters: The probability of being vaccinated (vaccine coverage), the probabilities of SRD and SNRD among vaccinated and unvaccinated children, and the diagnostic test's sensitivity and specificity. The true VE against SRD is defined as 100% times one minus the ratio of the risks (probabilities) of SRD in vaccinated and unvaccinated children. We consider two scenarios for the values of these parameters: Scenario A represents a high-income setting where incidence of SRD is relatively low and VE is relatively high, such as the U.S., while scenario B represents a low-income, high incidence setting such as sub-Saharan Africa. Table 1 lists the parameters and their values under both scenarios.
For each scenario we also consider a baseline case where the probability of SNRD in vaccinated children is the same as in unvaccinated children and the test's sensitivity and specificity are both set to 100% We only expect minimal bias (or no bias) under the baseline cases.
For each of the two case-control study designs we used the values of the parameters to calculate the probabilities that a randomly selected child is classified as either a vaccinated case, vaccinated control, unvaccinated case or unvaccinated control. The estimate of VE is then calculated as 100% times one minus the ratio of the odds of being vaccinated in cases and in controls. The bias of an estimate is the difference between the estimated VE and the true VE. Methods for calculating the bias of estimated VEs for a given array of the model's parameters have been developed by Shi et al [9] . A SAS program for calculating the bias under our model is available from the first author upon request.
We focused on two sources of bias: (1) lack of perfect sensitivity and specificity of the test for rotavirus infection, and (2) effect of the vaccine on the probability of contracting SNRD because of virus interference or cross-protection. For the second source of bias, the effect of the vaccine is quantified by the risk ratio comparing the probabilities of SNRD in vaccinated and unvaccinated. This risk ratio will be denoted RR(SNRD). For example, if the probability of SNRD in unvaccinated children is 0.03 and RR(SNRD) = 1.5 then the corresponding probability in vaccinated children is 0.045.
Results

The baseline cases
In the baseline cases, all the systematic sources of bias are absent. The TNC-based VE estimate is unbiased, while the TCC-based estimate has a small positive bias: the bias is 0.1% and 2% in scenarios A and B, respectively. In the absence of all systematic sources of 
Author Manuscript
Author Manuscript bias, the TNC-based estimate is unbiased even though the odds ratio is used to estimate a risk ratio. This result holds even when the 'rare disease' assumption is not satisfied (see next paragraph and [9] ). The small bias in the TCC-based VE estimate results from using the odds ratio to estimate the risk ratio and it decreases when the true VE increases (such as in scenario A).
To help explain the lack of bias of the TN-based VE estimate regardless of whether the 'rare disease' assumption is satisfied, let's consider the baseline case corresponding to Scenario B. The probability of being vaccinated is 0.8, the probability of SNRD is 0.19, regardless of vaccination status, and the probabilities of SRD are 0.06 and 0.03 in unvaccinated and vaccinated children, respectively. Then the true VE is 1 -0.03/0.06 = 0.5. Consider now a randomly selected child. The probability of this child being a vaccinated case is 0.8×0.03 = 0.024; the probability of being an unvaccinated case is 0.2×0.06 = 0.012; the probability of being a vaccinated control is 0.8×0.19 = 0.152; and the probability of being an unvaccinated control is 0.2×0.19 = 0.038. Hence, the expected odds ratio in the ensuing 2×2 table is (0.024×0.038)/(0.012×0.152) = 0.5, and the expected VE estimate is 1 -0.5 = 0.5, which is the same as the true VE. It is easy to check that this result would not change if the probabilities of SRD would be increased (for example, to 0.6 and 0.3 in unvaccinated and vaccinated children, respectively), as long as their ratio remains unchanged. Figure 1 displays the true and estimated VEs from both study designs as a function of the specificity of the test for rotavirus infection for three values of the test's sensitivity. In both scenarios, the negative bias resulting from imperfect specificity is quite large even when the sensitivity is high. For example, when the sensitivity is 1.0 and the specificity is 0.9 then the VE estimates are more than 20 percentage points lower than the true VE (70% vs. 90%) in scenario A. In scenario B, the negative bias exceeds 10 percentage points (true VE = 50%, estimated VEs less than 40%).
Effects of imperfect sensitivity and specificity
We also learn from Figure 1 that (a) the TCC-based VE estimate is usually higher than the TN-based estimate, hence its (negative) bias is smaller, and (b) the effect of lack of perfect sensitivity of the diagnostic test is less pronounced than that of lack of perfect specificity. The greater importance of the lack of perfect specificity than lack of perfect sensitivity is explained by the much higher probabilities of SNRD compared with those of SRD (Table 1) . This is illustrated in the following example. 
Example 1-Consider
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Author Manuscript explains why the bias resulting from the 10% error rate in misclassifying true negatives is expected to be more pronounced than the bias attributable to the 10% error rate in misclassifying true positives. Figure 2 presents the true and estimated VEs from both study deigns as a function of the risk ratio (RR(SNRD)) comparing the probability of SNRD in vaccinated and unvaccinated children for three values of the diagnostic test's specificity. We repeated this for different values of the test's sensitivity and we found that sensitivity has almost no effect on the association between VE estimates and RR(SNRD). Therefore, we only present the results for a single value of the sensitivity, namely 0.9.
Effect of vaccine modifying the probability of severe non-rotavirus diarrhea
When the vaccine modifies the probability of SNRD, the bias of VE estimates from both study designs may be quite substantial. For example, when vaccinated children are twice as likely as unvaccinated children to contract SNRD then under scenario B the estimated VEs are 74% and 36% for the TNC and TCC study designs, respectively, while the true VE is 50%. In this case, the VE estimates under scenario A are less biased (true VE 90%, estimated VEs 94.7% and 89.8%, for TN and TCC studies, respectively). In general, the absolute value of the bias increases when the specificity decreases, and it is smaller under scenario A as compared to scenario B.
Even though children with SNRD are not included in the TCC study, VE estimates from TCC studies are biased when vaccination affects the probability of SNRD. This happens because only children who did not develop severe diarrhea, regardless of etiology, qualify as controls. As a result, children with SNRD are not included as controls in the TCC study even though they did not develop SRD (i.e., they are not true cases of SRD). If vaccination affects the probability of SNRD then the proportion of children without SRD who are wrongfully excluded is not the same in vaccinated and unvaccinated individuals. This is illustrated in the following example.
Example 2-Consider scenario B and suppose that vaccinated children are twice as likely as unvaccinated to contract SNRD. Let's look at the population of 1,000 children: 800 of them (80%) will be vaccinated and 200 will remain unvaccinated. Then 200×0.06 = 12 unvaccinated and 800×0.03 = 24 vaccinated children are expected to contract SRD. In addition, 200×0.19 = 38 unvaccinated and 800×0.38 = 304 vaccinated children are expected to develop SNRD. The estimated VE from the TNC study is therefore 100×{1 -(24×38)/ (304×12)} = 75%, while the true VE is 50%. TCC controls are selected at random from those who did not contract any type of severe diarrhea. Of the 200 vaccinated, 12 and 38 children contact SRD and SNRD, respectively, therefore there are 150 unvaccinated children who do not contract severe diarrhea. Similarly, 800 -(24 + 304) = 472 vaccinees do not contact severe diarrhea. Therefore, the estimated VE from the TCC study is 100×{1 -(24×150)/(472×12)} = 36.4% while the true VE is 50%. The bias of both VE estimates is driven by the large number (304) of vaccinees who contract SNRD. If the probability of SNRD in vaccinated children was the same (0.19) as in unvaccinated children that we would expect only 800×0.19=152 vaccinees with SNRD, and the VE estimates from the TNC and TCC studies would be 50% and 51.9%, respectively.
Discussion
We used a previously published model [9] to evaluate the bias of estimates of rotavirus vaccine effectiveness from test-negative and traditional case-control studies. We considered two sources of bias: (1) lack of perfect sensitivity and specificity of the test for rotavirus infection, and (2) possible effect of the vaccine on the probability of contracting nonrotavirus diarrhea.
We found that both types of case-control studies may produce biased estimates of VE when either or both sources of bias are present. Even when the specificity is about 95%, estimated VEs may be substantially lower than the true VE. For example under scenario B, if the specificity of the test is 95% then the estimated VE is expected to be 38% while the true VE is 50%. The effect of the sensitivity of the test on the bias is less pronounced. The bias of estimates from TNC studies when vaccination affects the probability of developing SNRD is not surprising as cases of SNRD serve as controls in the TNC design. The TNC design relies on the assumption that the proportion of vaccinated children among children with SNRD is close to the corresponding population proportion, and this assumption is violated when rotavirus vaccination modifies the probability of non-rotavirus infections [8] . We found that this source of bias also affects VE estimated from TCC studies, as children with SNRD may not serve as controls in TCC studies. Vaccine status-related differences in the proportion of potential controls who are excluded (because they have SNRD) results in biased VE estimates.
We only considered two sources of bias in this work. Other sources, such as bias due to confounding (i.e., the presence of factors that may be associated with both vaccination and the probabilities of SRD and SNRD) can be adjusted for in the analysis. We also examined the effect of other factors on the magnitude of the biases resulting from the two sources we considered. We found (results not shown) that variations in the incidence of SRD have minimal effect on the bias, while variations in the true effectiveness of the vaccine do affect the magnitude of the biases: as the true VE increases, the biases decrease. Our model is static and does not account for the dynamics of outbreaks or for temporal changes in the probabilities of severe diarrhea. We plan to develop and apply stochastic agent-based dynamic simulation models to study the bias of rotavirus VE estimates in more realistic settings.
While both sources of bias examined in this study can affect rotavirus VE estimates from case-control studies, the influence of these biases are likely to be small, if any. Rotavirus infections are typically diagnosed by enzyme immunoassay (EIA), with reported sensitivity and specificity between 99% and 100% [14, 15] . Additionally, while the data are sparse, no solid evidence exists that rotavirus vaccines affect the probability of SNRD [16, 17] . We therefore conclude that in reality, the biases resulting from the sources we considered are likely to be small. Based on our findings, we believe that the test-negative design, which offers a particularly useful design to evaluate rotavirus VE post-licensure, can be expected to provide reliable estimates. On the other hand, other vaccines may have non-specific effects that modify the incidence of symptoms that also result from the pathogen of interest. For example, the oral polio vaccine has been found to produce non-specific effects [18] . Therefore, we plan to apply the model and methods presented in the work to other vaccines. Table 1 Values of the model parameters under two scenarios: Scenario A corresponds to a high-income country and Scenario B to a low-income country.
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